Individual feeding variability of protozoan and crustacean zooplankton analyzed with flow cytometry' Abstract-Feeding of protozoan and crustacean zooplankton was analyzed by flow cytometry (FCM), resulting in direct counts of particles ingested by each individual. Ciliates (Cyclidium sp.) were allowed to feed on Microcystis aeruginosa and analyzed directly on a flow cytometer for cyanobacterial autofluorescence coincident with each ciliate. Numbers of Microcystis cells ingested (e.g. 0, 1, 2, 3, or 4 ciliate-') were estimated from the total fluorescence intensity of each ciliate. Crustaceans (Daphnia magna and Bosmina tubicen) were fed fluorescent beads or Microcystis, sonicated to release their gut contents, and the resulting suspension from each individual was quantitatively analyzed by FCM. These methods allow estimation of several aspects of feeding behavior, including particle selectivity, mechanisms of particle capture, gut volume of small organisms, feeding and clearance rates, and individual variation of the preceding parameters. Flow cytometry is more rapid than direct counts by microscope and more accurate than many indirect methods.
Feeding habits of aquatic animals can be analyzed by direct or indirect methods (see Peters 1984) . Direct methods, such as gut content analysis, yield precise results for individual animals, but are laborious and time-consuming, often prohibitively so for small organisms such as zooplankton (e.g. Gerritsen and Porter 1982) . This situation often leads to restriction of sample size and replication. Indirect methods involve counting prey items in the water column before and after exposure to feeding animals (Peters 1984) . These methods generally use several feeding animals per experimental sample and automated counting methods, making them rapid and economical, but precluding information on individual variation. They may also introduce errors unrelated to feeding due, for example, to growth 1 This research was supported by NSF grants BSR 84-1585 1 (J.G.), BSR 84-07928 (K.G.P.), and the University of Georgia Program for Biotechnology.
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and mortality of prey during the experiment. Variation among individuals is an important biological phenomenon (Mayr 19 8 2); observations of only population mean or aggregate behaviors lose potentially relevant information.
For instance, nonselective feeding by all members of a population may produce similar aggregate behavior as varying selection among individuals within the population. Individual specialization on different food species is fundamentally different from nonselective behavior and can be an important factor in the autecology of animals.
The introduction of flow cytometry (FCM) to the aquatic sciences has led to the development of techniques to rapidly count and sort phytoplankton (e.g. Trask et al. 1982; Yentsch et al. 1983; Wood et al. 1985) and to the improvement of indirect feeding analysis (Cucci et al. 1985; Stoecker et al. 1986) . We report here analysis of feeding by individual zooplankton and protozooplankton using direct counts of ingested material on a flow cytometer. These direct counts are more rapid and require less sample processing than microscope direct counts. Large numbers of samples can be run to yield information on individual variability in feeding habits.
Fluorescent microspheres have become increasingly popular in research on planktonic trophic interactions. Beads are not food items, and organisms may not respond to them in the same way as to food. The microspheres are useful, however, in that they are easily counted, well defined, and can be manipulated to elucidate feeding mechanisms (e.g. Gerritsen and Porter 1982; Hessen 19 8 5). In our investigations here we used both fluorescent beads and living cyanobacteria, Microcystis aeruginosa, as food for zooplankton.
The ciliate Cyclidium sp. was isolated from Lake Oglethorpe, Georgia, and maintained in a 0.1% Cerophyll medium (w/v) L90° LS Fig. 1 . Frequency distribution histogram of forward-angle light scatter (FALS) and log 90" light scatter (L9OLS) of a culture of Cyclidium. Large peak in the center represents Cyclidium cells; peak close to axis (small FALS) represents debris in culture media. The heavy line represents bit-map gate drawn around the Cyclidium peak. All events falling within the polygon of the gate were analyzed for fluorescence (see Fig. 2 ).
with Aerobacter aerogenes as a food source.
Ciliates in log-phase growth were separated from bacteria by gentle rinsing with 0.2-pm filtered culture medium over a 3-pm Nuclepore filter. Ciliates were resuspended in fresh culture medium to a final concentration of about 8 50 ml-l. Cyclidium was allowed to acclimate for l-3 h in combusted 50-ml beakers before the experimental food suspensions were added.
A nontoxic strain of M. aeruginosa was grown in a 16 : 8-h L/D cycle. Immediately before the experiments, cells in log-phase growth were filtered through a l.O-pm Nuclepore filter. This step ensured that only single cells were present in feeding suspensions. We counted Microcystis on a Zeiss epifluorescence microscope with a rhodamine filter set (Zeiss 48 77 15). Appropriate amounts of the cyanobacterium were added to ciliate suspensions to give final concentrations of either 1 O4 or 1 O5 Microcystis ml-l.
Ciliates were allowed to feed for exactly 4 or 8 min. Ingestion was then stopped by adding 20% paraformaldehyde (2% final concn). A 5-ml subsample was removed from each experimental chamber for microscopic examination, and the remaining suspension was concentrated by centrifugation at 1,200 X g for 5 min for flow cytometry.
For microscopic counts of particle ingestion, ciliates were prestained for 12 h with 250 pg ml-l primulin and filtered onto a black, 2.0-pm Nuclepore filter (Sanders and Porter 1986). Most uningested Microcystis, which could interfere with counting, passed through the 2-pm filter. We scored 80 ciliates for ingested Microcystis using the epifluorescence microscope and appropriate filter set. FCM analysis was done with a Coulter EPICS 7 53 flow cytometer using argon excitation of 800 mW at 5 14 nm. Microcystis autofluorescence, consisting of phycoerythrin and chlorophyll emission, was reflected to a photomultiplier tube (PMT) with a 590-nm, short-pass dichroic filter (> 590 nm, reflected; ~590 nm, passed). An additional 570-nm, long-pass absorption filter was mounted in front of the PMT. We first ran a sample consisting of Microcystis alone to set voltage and gain on the red-fluorescence PMT (1,500 V, gain 20) then an unfed control sample of Cyclidium to identify the ciliates by forward-angle light scatter (FALS) and log 90" light scatter (L9OLS). A bit-map gate was drawn around the ciliate population identified in the FALS-L90LS histogram ( Fig. l) , and events within the bit map were subsequently analyzed for red fluorescence.
We analyzed 10,000 ciliates per sample. Repeated tests of the same sample resulted in a C.V. of I%, as long as the sample was well mixed. Cyclidium was weakly autofluorescent, as are other ciliates (J. Paulin pers. comm.), and individual ciliates (-10 x 18 pm in cross section) had integrated red fluorescence about equal to an individual Microcystis (-1 -pm diam). Experimental sam- ples produced a multimodal fluorescence histogram, representing ciliates that had ingested 0, 1, or > 1 Microcystis (Fig. 2 ). These histograms were analyzed for ingestion of cyanobacteria by dividing them into intervals corresponding to numbers of cells ingested and subtracting from them the equivalent intervals in the control sample (Fig.  2) .
The flow cytometric analysis of ciliate feeding showed similar patterns as with microscopical counts of the same experiments (Tables 1,2 ). Distributions of Cyclidium that had ingested 0, 1, 2, 3, or 4 Microcystis appeared to follow a Poisson distribution, suggesting that feeding is a random encounter process (Gerritsen and Strickler 1977) . The FCM counts (N = 10,000) gave a better fit to the Poisson distribution as well as more consistent feeding rates at different feeding times and concentrations than did the microscopical counts (N = 80) ( Tables 1, 2 ).
Mean numbers of Microcystis ingested doubled between 4 and 8 min at lo5 cells ml-' and increased tenfold between 8 min at lo4 cells and 8 min at lo5 (Table 1 ). The exception was 4 min at lo4 cells where FCM analysis found few ciliates that had ingested Microcystis.
Relative to microscopical counts, FCM consistently underestimated ingestion by 30-40%. Three factors may have contributed to this bias: In this experiment, there was background autofluorescence from particles in the ciliate media, which gave high counts in the unfed control. Since the background was subtracted from the experimental samples, ingestion may have been higher than was calculated. Preliminary experiments with fluorescent beads (data not shown) had lower background fluorescence in the control, and FCM counts did not underestimate microscope counts. Second, the FCM cannot distinguish between living ciliates and dead cells or ciliate-sized detritus, again resulting in underestimation of ingestion. This error could be reduced by cleaning the samples with gradient centrifugation or elutriation or by staining ciliates with a fluorescent marker (e.g. DAPI) to distinguish them from detritus. Third, a person counting cells in a microscope may subconsciously search for cells containing fluorescence or may overlook nonfluorescent cells. We think that the contribution of this factor was minimal. Microcystis; and a surface-selection experiment to test the effect of particle surface chemistry on feeding efficiency. A concentrated feeding suspension was made up for each experiment, consisting of the experimental food in filtered water. In experiments with microscopic plastic beads such as these, it is essential to sonicate the beads immediately before an experiment to break up clumps and to disperse the beads evenly. For the 0.57-and 2.5pm beads, we found that sonication in a low-power, ultrasonic cleaning bath for 2-5 min was sufficient to disperse them. Microcystis cells were not sonicated before the feeding experiment.
Twenty-four hours before an experiment, adult animals were starved in filtered (Whatman GFK) water (Porter and Orcutt 1980) . Ten animals were placed in each of nine sieves (4-cm-i.d. Plexiglas tubing with 250-pm mesh at the bottom) in 200-ml beakers with 150 ml of 0.2-pm filtered aquarium water. Animals acclimated to the feeding beakers for 1 h before the aliquot of concentrated feeding suspension was added to each beaker. They fed for set times (usually 15, 120, 300, 600, 1,200, 2,400, 5,400, and 10,800 s), were transferred to freshly filtered water for three serial rinses of 2-min duration, then heat killed in hot water and measured (head to base of tail spine). Each cladoceran was placed in a 1.5-ml microcentrifuge tube with 2% formaldehyde. Each experiment had a killed control to distinguish particles sticking to animals but not ingested. Disruption of crustaceans to release their gut contents was done with a Branson highpower, microprobe sonicator for 45 s (Hessen 1985). High-power sonication for >90 s caused a reduction in particle fluorescence, probably due to heating.
We found that Microcystis cells withstood sonication as well as the beads, but that larger cells such as Chlamydomonas disintegrated when sonicated at high power.
After sonication, a counting standard of 5.2~pm green fluorescent beads, as well as a drop of surfactant (Kodak Photo-flo), was added to each sample. The counting standard contained a known number of beads ( lo5 in a 200-~1 aliquot), so that total numbers and concentrations of experimental beads could be calculated from relative counts done by the flow cytometer. Concentration of the standard was verified with microscopic counts of 20 blanks for each experiment. They were filtered onto 0.2-pm filters, and 40 fields were counted at 160 x magnification for each standard on an epi- fluorescence microscope. The standard and two experimental bead types were easily distinguished by green fluorescence excited at 488 nm, 800 mW in the flow cytometer, and each sample was analyzed until a count of 1,000 (Daphnia) or 5,000 (Bosmina) standard beads was reached.
Feeding of cladocerans in the size-selection experiment is shown in Fig. 3 , and FCM analysis compared favorably with microscopic analysis of gut contents (Table 3) . The advantages of FCM are that it counts a larger subsample of an individual's gut and that the analysis is much faster (l-2 min per animal with FCM vs. about 40 min per animal by microscope).
One of the major advantages of this method of analyzing feeding experiments is that the individual feeding of the animals can be examined (Table 4 ). All animals in these experiments were healthy and active, but not all animals fed nor did those feeding do so at the same rates, illustrating individual behavior in spite of the animals being from the same clone. Of 10 D. magna fed 40 min, total volume ingested varied fourfold, although body sizes were similar (Table 4) . One of the 10 fed more on 0.57~pm beads, another on 2.5~pm beads, but most were nonselective (Table 4) .
In these experiments, apparent net ingestion rate declined between 1.5 and 3 h (5,400-10,800 s; Fig 3a) . This decrease would indicate either that the ingestion rate had decreased, due to a nearly full gut, or that defecation of beads had increased. After 3 h (10,800 s) of feeding, Daphnia guts appeared full when observed under a microscope. It is possible that the number of beads retained in the gut could increase beyond 3 h due to stretching and distending of the gut.
For certain measurements, it is appropriate to delete individuals that do not feed. We did so for the total numbers of particles ingested and for the relative efficiency of feeding on small particles. Bosmina showed less ability to ingest small (0.57 pm) particles than did Daphnia (Table 5) , as also noted by DeMott and Kerfoot (1982) . Selectivity of D. magna varied among individuals (Table 4) .
Total gut volume of Daphnia was measured with 2.5-pm beads alone. Animals were allowed to feed for 5 h in a suspension of 1 x 1 O6 beads ml-I, yielding a bead concentration 20 x greater than in the previous experiment. The volume concentration of beads was close to the optimal feeding concentration of D. magna (Porter et al. 1982) .
Microscopic examination revealed that the animals' guts were completely filled with beads, including esophagus and hindgut. After fixing, the animals were sonicated and analyzed as above.
The relation of Daphnia gut volume to body length is shown in Fig. 4 . We assumed that the beads were in close hexagonal packing in the gut (e.g. Fenchel 1980) yielding a gut volume of 1.24 x volume of ingested beads. The exponent relating body length to gut volume was 3.4. Specific metabolism of cladocerans may be constant or increase during ontogeny (Lynch et al. 1986 ), requiring a gut volume-body length exponent of 23.
To illustrate that the method can be used to analyze live food particles, we show an experiment with the cyanobacterium A4.
aeruginosa. Animals were first placed in filtered water to which 5.7-pm, colorless polystyrene beads had been added. This procedure cleared their guts of pigmentcontaining food particles that might inter- Means ? 2 SE; unconnected symbols near y-axis represent killed controls.
fere with fluorescent measurement of the experimental Microcystis. They were prefed with the beads for 8 h, followed by 16 h of additional starvation in filtered water. Ten animals were placed in each of four sieves in beakers as before, and a feeding aliquot of Microcystis was added to each. Feeding treatments were killed control, 300, 600, 1,200, and 2,400 s. Animals were anesthetized in club soda, measured, preserved in 2% formaldehyde, and stored in the dark at 5°C. They were sonicated and filtered as before. In the flow cytometer, Microcystis was detected with orange-red fluorescence (> 590 nm), standard beads with green fluorescence (530-5 50 nm), and colorless 5.7-pm beads with FALS. Excitation was 800 mW at 5 14 nm. Samples were counted to 2,000 standard beads.
Temporal as well as individual variability also occurred when Daphnia fed on Microcystis (Fig. 5) . Feeding decreased slightly during exposures of 5-20 min, possibly reflecting initial sampling by the animals, followed by acclimation to the feeding conditions. The animals did not substantially clear their guts of the residual 5.7~pm beads, perhaps because the cumulative volume of the Microcystis (N 1 -pm diam) was small.
These cyanobacteria are a poor, possibly toxic, food source for Daphnia (Nizan et al. 1986 ) and clearance rate was low (Table 5 ).
In the 40-min experiment, there was no clear effect of digestion or mastication of the Microcystis. In many animals (30-50%) the flu- orescence intensity of the food particles was reduced, although cell size was not affected. This decline may reflect leakage or destruction of pigments following ingestion (Conover et al. 1986 ), although cells were not broken into smaller fragments. Differential digestion of algae is known (Porter 1973). We recommend short experimental feeding times to minimize losses due to mastication and digestion. A commonly used measure of the impact of filter feeders on their prey population and on pelagic waters as a whole is clearance rate. As a population measure, it should comprise all animals, including those that do not feed. Clearance rates are given in Table 5 , but should be interpreted with caution. Feeding rates are affected by acclimation to the feeding conditions, and these animals were not acclimated. We include them as an illustration of what can be measured with direct gut content analysis by flow cytometry.
To measure rates on acclimated animals under steady state conditions, one could use food particles labeled with fluorescent dyes such as DAPI, FITC, AO, or immunofluorescent markers (e.g. Bohlool and Schmidt 1980). The labeled particles would then be added after animals had acclimated to feeding conditions. Alternatively, an aliquot of fluorescent beads could be added to a food suspension as a marker, assuming the beads are ingested with the same efficiency as the food particles.
Long experimental feeding times lead to erroneous clearance rates since egestion may begin in 12 h. These methods cannot distinguish between reduction in calculated mean feeding rate due to satiation and that due to egestion of food particles.
A strength of this method is that it allows investigation of passive, nonbehavioral food selection mechanisms. Surface chemistry of small particles is known to affect the efficiency with which particles are retained (Gerritsen and Porter 1982) . For this illustration of the method, we repeated an earlier experiment to determine feeding efficiency on beads with amide surfaces vs. those with carboxyl surfaces (Gerritsen and Porter 1982).
We fed Bosmina a mixture of 0.50~pm, amide-surfaced beads (blue), 0.57-pm, carboxyl-surfaced beads (green), and 2.5 -pm, carboxyl-surfaced beads (green) in the ratio of 18 : 46 : 1. The large beads are effectively sieved at 100% efficiency, and feeding efficiency of the two smaller beads is measured relative to the large beads.
The blue beads required UV excitation, and we found that 300-mW UV was also sufficient to obtain some green fluorescence from the coumarin-stained green beads. A UV filter blocked the laser light, a 540-nm, short-pass dichroic filter deflected the blue fluorescence to a PMT equipped with a 5 30-nm, short-pass filter, and the green PMT had a 5 15-nm, long-pass filter.
Amide-surfaced particles, which have less surface charge than carboxyl-surfaced particles, were ingested at more than twice the efficiency of the carboxyl particles (Table 6 ), in accord with our previous results for Daphnia (Gerritsen and Porter 1982 
